The cleavage of b-O-4 linkages in lignin can generate monomers with a phenyl propane structure that can easily be upgraded into valuable hydrocarbon biofuels and renewable aromatic chemicals. High-yield lignin monomer production from extracted (or technical) lignin that is produced in a practical way could facilitate the productivity and profitability of biomass conversion processes. However, interunit carbon ecarbon (CeC) linkages present in native lignin or formed during lignin condensation in biomass pretreatments dramatically reduce lignin monomer yields. Here, we present a perspective on biological and chemical strategies that have been successfully used to reduce the formation of CeC linkages in native or technical lignin. We analyze the mechanisms involved in these strategies and offer our views on improving the quality of technical lignin resulting from biomass conversion in order to achieve highyield lignin monomer production.
Introduction
Lignin is the second most abundant natural polymer on earth after cellulose, accounting for 15e30 wt% of lignocellulosic biomass [1] . Million tons of lignin are produced annually during biomass fractionation, and treated as waste and/or burned for heat in pulp mills or biorefineries. To valorize lignin, catalytic hydrogenolysis has been widely investigated to break lignin into monomers that can be further upgraded to fuels and chemicals [2] . However, the resulting monomer yields are significantly influenced by the number of interunit CeC linkages in native lignin, and by additional interunit CeC linkages formed during lignin extraction (in a process called biomass pretreatment or biomass fractionation) [3, 4] . Here, we discuss the formation of CeC linkages in native lignin and extracted or "technical" lignin (we use the term technical lignin below to refer to this extracted lignin) and analyze possible strategies for decreasing their formation to facilitate the high yield production of monomers.
CeC linkage formation in native lignin
Lignin is formed by three natural monolignol monomers with a phenyl propane backbone: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. These monomers are incorporated into lignin as several phenylpropanoid moieties that include p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units (Fig. 1A) [5] . Polymerization of these monolignols occurs by oxidative radicalization of phenolic hydroxyl groups followed by radical coupling [6] . The phenolic radical that is formed is stabilized through delocalization of the unpaired electron at the 1, 5 and/or b positions, depending on the substitution groups on the aromatic ring (Fig. 1B) [5] . These radicals can couple to form different linkages. Phenolic radicals couple with the b and 5 positions to form CeO bonds including 4eOe5 linkage and beOe4 linkage, respectively (Fig. 1C) . Radicals at the positions of 1, 5 and b couple with the radicals at the 5 and b positions to form CeC linkages including 5e5, be5, be1 and beb (Fig. 1D) [5] . In a typical native lignin polymer, about 1/4 to 1/2 of interunit linkages are robust CeC linkages (Table 1) , which limit the theoretical yield of lignin monomers from wood to around 40e55% (based on the mass of native lignin). Sinapyl alcohol cannot participate in the formation of any linkages associated with a 5 position, since this is occupied by a methoxy group. Analysis of lignin has shown that softwood has a lower content of syringyl units compared to hardwood [7] , which explains the higher content of CeC linkages in softwood compared to hardwood (Table 1) .
CeC linkage formation in technical lignin
In addition to their presence in native lignin, significant quantities of CeC linkages can form during acidic biomass fractionation processes [9, 10] . Multiple studies using model compounds representing the beOe4 linkage have proposed three different routes in the acidolysis of lignin ( Fig. 2A) [11, 12] . Two of these pathways lead to the cleavage of the interunit beOe4 linkages, and one pathway leads the lignin subunits to condense and form intra-( Fig. 2A ) or inter- (Fig. 2C) unit CeC linkages. In acidic conditions, the condensation mechanism involves the formation of a benzylic carbocation at the a position followed by a reaction of this moiety with an electron-rich aromatic ring to form a CeC linkage (Fig. 2C ). Mechanistic studies of the acidolysis of models for the beOe4 linkage have found that self-condensation is thermodynamically favorable and occurs spontaneously after the formation of the benzylic carbocation (see the corresponding energy diagram for model compound acidolysis in Fig. 2B ) [12] . This suggests that lignin condensation occurs faster than or as fast as lignin depolymerization. This favorable condensation pathway is likely to be a major reason why technical lignin has generally undergone significant condensation after isolation [3, 4, 12] .
Strategies to decrease CeC formation
Pyrolysis and gasification can break CeC linkages with high reaction temperatures [2,13e15] , but these are high-temperature thermochemical conversion processes that lead to low selectivity for any products besides full gasification products and/or heavy char formation. Compared to these unselective thermochemical conversion strategies, catalytic hydrogenolysis is milder and more selective, but cannot break CeC linkages. Therefore, we argue that decreasing CeC linkages in both native and technical lignin for selective upgrading is crucial to its eventual valorization.
Biological strategies
Genetic modification of plants to decrease interunit CeC linkages has been explored as a strategy to improve upgrading possibilities [16, 17] . Recently, Franke et al. over-expressed the Arabidopsis gene encoding ferulate 5-hydroxylase that catalyzes the formation of syringyl lignin units, and generated a transgenic poplar with 97.5% syringyl units. The increased syringyl unit content significantly reduced the formation of interunit CeC linkages associated with the 5 position [18] . Ralph and co-workers incorporated epigallocatechin gallate (EGCG) [19] and hydroxycinnamate units [20] into lignin to form novel interunit ester linkages that were easily disrupted at mild temperatures (e.g. 100 C) during dilute acid or alkali pretreatments. Although the incorporation may not directly decrease CeC linkages in native lignin, mild pretreatment conditions applied during fractionation may reduce the subsequent formation of CeC linkages.
Chemical strategies
Several studies have focused on improving chemical or catalytic biomass fractionation. However, tuning catalysts has had little effect on improving monomer yields because lignin's robust CeC linkages could not be cleaved by catalytic hydrogenolysis. Instead, catalytic reductive pulping has been recently developed. This method mixes biomass particles with solid catalysts under an acidfree environment, leading to near theoretical yields (45e55%) of monomers [7, 21] . However, mixing and subsequently separating these two solids may have several technical limitations at industrial scales, including those associated with mass transfer, catalyst recovery or catalyst deactivation. In parallel, the catalytic oxidation of lignin has been extensively investigated to break CeO and CeC linkages but most of these processes were non-selective and led to high carbon loss [22] . Recent work has shown that selective oxidation of a hydroxyl group could weaken b-O-4 linkages
[23e25], which could subsequently be cleaved by formic acid to generate monomer at yields above 60 wt% [25] . However, the efficacy of this method depended on the availability of a hydroxyl groups that are only present in abundance in uncondensed native lignin. Therefore, Rahimi et al. used an a hydroxyl-rich cellulolytic lignin that was produced by repeated ball milling and enzymatic treatmentsda method that is not industrially viable [25] .
We contend that more practical methods are needed to decrease lignin condensation during its extraction. Such methods should involve pretreatment, in order to be compatible with biomass polysaccharide upgrading. Since both temperature and acid loading affect the rate of condensation, using mild conditions during pretreatment can contribute to limiting lignin condensation. High yields of technical lignin were obtained using GVL as a solvent with low acid loadings (<2 wt% H 2 SO 4 ) at low temperatures (120 C) [26, 27] . The lignin led to reasonable lignin monomer yields after hydrogenolysis (>30 mol% for corn stover and near 20 mol% for maple wood) [26, 27] . NMR analyses showed that the native lignin structure was partially preserved in GVL-extracted corn stover lignin, including the dominant b-O-4 linkages.
Lignin produced during ethanol organosolv biomass pretreatment has been widely used as a feedstock for generating lignin monomers. Compared to dilute acid pretreatment, technical lignin produced with ethanol organosolv pretreatment led to decent yields of monomers during subsequent hydrogenolysis (1e8%) [4, 28] . Ethanol can function as a reactive stabilization reagent, which plays an important role in decreasing lignin condensation. Specifically, ethanol, catalyzed by the acidic conditions, can react with benzylic carbocation to form an ethoxy group (Fig. 3) . The ethoxy group protects the benzylic carbocation position, and decreases the probability of interunit CeC linkage formation [29] . The stabilization efficacy is dependent on the nucleophilicity of the stabilization reagent. An ideal stabilization reagent should readily react with side chains and/or aromatic rings to protect them prior to condensation.
Conclusion
Genetic engineering of native lignin has been successful in controlling the amount of lignin in plants and the fraction of interunit CeC linkages in native lignin, and in introducing new types of bonds within the lignin polymer. In parallel, decreasing lignin condensation during biomass fractionation is a viable and compatible strategy to separate high-quality lignin for selective upgrading. Mild lignin extraction and stabilization has shown to improve the quality of extracted lignin, and the resulting monomer yields after hydrogenolysis. Although both chemical and biological strategies for improving lignin yields and reducing condensation can be explored independently, we believe that ultimately, a combined approach targeting both native and extracted lignin will be the most successful in facilitating practical lignin upgrading processes. Table was adapted from Ref. [8] . Ref. [12] . Copyright (2014) American Chemical Society.
